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I. INTRODUCTION 
Most of the information for scour around abutment was 
obtained for the case of abutment which is placed in a 
rectangular channel.  As the geometry of a natural river 
usually consists of a main channel with one or two sides 
floodplain, some efforts has been done to take into 
account the effect on abutment scour in two-stage channel.  
The study on the effect of two-stage channel geometry 
itself is complicated and the topic has been studied by 
many researchers to obtain its flow characteristics or 
parameters such as total discharge and component 
discharge.  This paper first gives a brief review on the 
previous approaches in formulating the prediction on 
depth of scour around an abutment terminated in 
floodplain of a two-stage channel. A model is developed 
which uses the bulk parameter of the approach flow in a 
semiempirical analysis to predict the equilibrium scour 
depth in case of abutment terminating on a floodplain 
under clear water scour condition. The applicability of the 
proposed relationship is tested using the data collected by 
the authors and available published data. 
II. LITERATURE REVIEW 
Reference [1] seems to be the first attempt on the 
experimental work on the scour around abutment 
terminating on a floodplain.  Experimental works in [1] 
were done on a horizontal flume. The scouring 
experiments lasted only 10 to 12 hours and visual 
observations were used to determine the state of scouring 
process.  According to the authors’ experiences, the rate of 
scour depth development at near equilibrium phase is 
usually very slow; hence it is possible that the increase of 
scour depth at this phase was not easily noticeable over a 
short testing period. 
In [1], it is emphasized that the scour depth does not 
directly depend on abutment length but depends on the 
effect of the abutment on the flow redistribution at the 
contracted section.  Hence a contraction parameter, M, 
was proposed in [1]; where M = (Q-Qobst)/Q, Q = total 
discharge in compound channel, and Qobst = obstructed 
discharge in the approach section.  The result of a least-
square regression analysis, based on the important 
variables obtained using dimensional analysis, was: 
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where dse = equilibrium scour depth; df = floodplain flow 
depth, Ff = Froude number of the floodplain flow; Fc = 
Froude number of flow in the floodplain at critical 
condition of sediment motion.  The parameter, M, may 
represent the flow condition in a two-stage channel, but its 
relationship as function of the geometry of two-stage 
channel as well as approach flow characteristics would be 
much more applicable in field applications. 
A similar formulation to the one proposed in [1], which 
is valid for setback and bankline abutment was proposed 
in [2].  The proposed formulation is: 
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where,  Cr and C0 = coefficients, qf1 = flow rate per unit 
width in the approach floodplain, and qf0c = critical flow 
rate per unit width in floodplain at normal depth. 
Reference [3] shows that the ratio of flow obstructed by 
abutment, Qa, to flow at a specific width near the tip of the 
abutment, Qw, was a significant parameter in estimating 
the equilibrium scour depth.  The formulation of the 
functional relationship is based on: 
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This is similar with formulation in [1], except for the 
additional shape factor term, S. 
Experiments in [3] were done on an adjustable-slope 
symmetrical two-stage channel.  The measured scour 
depth was based on fixed test duration of 5 hours and 
subsequently extrapolated up to the equilibrium scour 
depth.  The extrapolation was based on several short and 
long period of scouring experiments which indicated that 
the scour depth at 5 hours was approximately 60% and 
65% of equilibrium scour depth for d50 = 0.5 mm and 0.7 
mm, respectively.  The flow depth ratios in their 
experiments were in the range of 0.22 to 0.29.  The final 
formulation was obtained from regression-analysis by 
using their experimental data. 
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where Qw = specific discharge for a certain width “w” 
near the abutment tip, Qa = discharge for width “w” at the 
approach section, Ff = Froude number of at approach 
section and Fc = Froude number when the sediment is at 
incipient motion condition.   
The Qw quantity is also related to the abutment length 
as well as the geometry of the two-stage channel.  The 
value of Qw/Qa in [3] ranges from 0.78 to 0.85.  With this 
small range, probably this ratio can be substituted with a 
proper constant.  This gives the impression that the two-
stage channel geometry effect is constant.  This makes 
generality of the formulation questionable. 
Reference [4] presents results of study on the effects of 
time and channel geometry on scour at bridge abutments 
in a two-stage channel.  Their study focused on abutments 
which were terminated in the floodplain.  They analyzed 
the maximum scour depth and the scour development with 
time. According to their data, [4] confirmed hypothesis in 
[5] which mentioned that scour of abutment terminating 
on a floodplain can be considered as a special case of 
abutment placed in rectangular channels.  
III. SEMI EMPIRICAL ANALYSIS 
At the abutment site cross section the flow distribution 
across the cross section will be redistributed.  There are 
two main effects of flow distribution due to the abutment.  
The abutment may only affects the floodplain flow 
distribution or the effect may propagates to the main 
channel.  In the beginning of the scour process where the 
size of scour hole is relatively small, the component 
discharge at the main channel will be higher than that at 
the approach section.  During the scouring process it is 
possible that the flow distribution will change as the scour 
geometry evolves.  After the scouring process reaches its 
equilibrium state, the final flow distribution at the 
abutment site cross section has two possibilities, i.e. same 
as at initial condition or different to that.  Two possible 
cases may occur.  First, the flow is diverted towards the 
main channel and second, the flow direction is towards the 
floodplain after the scour hole is developed.  For the 1st 
case, the equilibrium scour depth will be less than of that 
in a rectangular channel case, and for the 2nd case it will be 
deeper.  
As the scour around abutment is localized, it is clear 
that the local flow characteristic is the main parameter in 
the scouring process.  However, the local flow 
information is difficult to get, especially in the real case, 
hence bulk flow characteristics at the approach section are 
preferred to be used in a formulation.  There are many 
parameters which may be involved in the scouring process 
around abutment terminated in a floodplain.  The 
parameters typically used in scour model in rectangular 
channels are of the approach flow properties, sediment 
properties and abutment dimension and shape. 
This paper shows the flow interaction between the 
floodplain and the main channel which affects the 
scouring process.  Comparison of the flow distributions 
for the flat bed conditions at the approach section and the 
cross section at the abutment site in experiments 20-60-03 
and 20-80-04, are shown in Figures 1 and 2, respectively. 
The figures show an increase in the main channel 
discharge and a decrease in the floodplain discharge. 
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Figure 1.  Unit discharge at approach section and abutment-site cross-
section, Experiment 20-60-03. 
 
Figure 2.  Unit discharge at approach section and abutment-site cross-
section in Experiment 20-80-04. 
At the initial condition the flow in the floodplain will be 
diverted towards the main channel.  The strength of the 
diverted flow due to blockage by the abutment should be 
dependent on the abutment length (L), floodplain flow 
depth (df), floodplain width (Bf) and the flow velocity in 
the floodplain (uf) and main channel (um). 
That partial flow diversion due to the abutment reduces 
the flow in the floodplain and it may affect the scouring 
processes around abutment terminated in this region.  In a 
rectangular channel there is no possibility for the flow to 
divert to other part.  Hence, the scour depth around an 
abutment in the floodplain of the two-stage channel 
should be less than that in a rectangular channel of the 
same flow characteristics given in the approach section.  
However it should be noted that there is momentum 
exchange between the flow in the main channel and on the 
floodplain which will also impose on the flow condition.  
Hence the scour process is affected by these two flow 
mechanisms besides the factor contributed by the 
sediment properties. 
The mechanism of scouring inside the scour hole for a 
case of an abutment terminated in a floodplain can be 
assumed to be similar to that in a rectangular channel.  
The difference from the case in rectangular channel is 
believed to be caused by the redistribution the flow due to 
the combined effect of the presence of the abutment and 
two-stage channel geometry.  Hence, it is possible to 
develop a formulation for two-stage channel case by 
modifying the established formulation of scour around 
abutment sited in a simple rectangular channel. 
In general, scour prediction formulas can be grouped 
into three types.  They are: the regime approach [6] which 
formulate the scour depth as a function of discharge; the 
dimensional approach ([5], [7], [8], [9]); and analytical or 
semiempirical approach ([10], [11], [12], [13]) based on 
the increase of the sediment transport due to the increase 
of shear stress caused by the abutment.  Lim’s (1997) 
model in [11] was based on the premise that the 
obstruction in a channel would increase the shear stress at 
the area adjacent to the structure.  The increase of the 
shear stress will increase the sediment transport capacity 
in the locality.  A semiempirical approach as a function of 
the flow-continuity, scour geometry and a generalized 
form of the power-law formula for flow resistance in an 
alluvial channel was developed according to that premise. 
Formulation in [11] had been tested on 252 data of clear 
water scour case in rectangular channels and employs 
general properties of sediment and flow.  These points 
provide generality of the formula to be improved towards 
the case of abutment terminating in a floodplain. The 
formula proposed in [11] is      
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where Ks = abutment shape coefficient, 1∗u  = shear 
velocity at approach section, cu∗  = critical shear velocity.  10 
The shear velocity can be expressed as a function of 
mean velocity, Manning’s n roughness coefficient, 
gravitational acceleration, g and hydraulic radius, R, as 
follows: 
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As the shear velocity is proportional to the mean 
velocity and assuming that the rest of the parameters have 
same value, the ratio of the approach and critical value of 
shear velocity can be substituted by their corresponding 
mean velocity as in (7).  Equation (7) is preferred as it 
uses bulk parameters of the flow and abutment which are 
more practical to use in practice.  
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The performance of (7) towards the present data and 
further improvement based on the two-stage channel 
effect is given after the Experimental Works section. 
IV. EXPERIMENTAL WORKS 
The two-stage channel used was 19 m long, 1.6 m wide 
(1 m wide floodplain and 0.6 m wide main channel) and 
had sidewall of 1 m high measured from the bed of the 
main channel.  The channel had a longitudinal bed slope 
of 0.00116.  There was a 2.5 m long sand recess section, 
from 11 m downstream of the flume entrance.  The sand-
recess of the floodplain and main channel part was 
separated by a steel plate at the interface between the 
floodplain and the main channel.  The main channel bank 
height was 0.15 m.  At the downstream end of the channel 
there was a tail-gate which can be moved vertically by 
two electric-motors.  A sump below the floor provided 
water for the test.  A 22 kW submersible pump was used 
to pump the water from the sump to deliver continuous 
flow to the channel.  The water passed through a header 
tank before it flowed into the flume.  The header tank was 
equipped with perforated steel plates, sponge layer and 
cloth to reduce surface water undulation.   
The dimension of the sand recess was 1m wide for the 
floodplain and 0.6 m wide for the main channel.  They 
were 2.5 m long and the depth was 0.40 and 0.25 m in the 
floodplain and main channel, respectively.  The sand 
recess in the main channel was covered by a piece of 
sand-coated aluminum plate to keep it in the flat bed 
condition.  
The sand used in the experiment had a median size, d50 
of 0.9 mm and a geometric standard deviation, σg of 1.05.  
The sand was of the quartz type, and was a non-ripple 
forming size and considered uniform as σg < 1.5. 
Immediately downstream of the sand recess was a 
sediment trap to catch the sediment which was scoured 
from the sand bed. Sand was coated on the channel floor 
for 2m length of the floodplain bed upstream of the sand 
recess.  This coating was expected to make the flow fully 
developed before it reached the sand recess.  
The vertical-wall abutments used in the experiments 
were 0.20 m, 0.35 m and 0.50 m long (protruding 
perpendicularly across the flume) and 0.07 m wide.  The 
abutments were made from 10-mm thick perspex.  It was 
placed 1 m after the upstream edge of the sand recess and 
was firmly attached to the sidewall using silicon glue.   
In the present experiments, the scouring process was 
allowed to proceed until the equilibrium scour depth was 
attained and this process lasted many days. Scour depth 
observations were done and recorded at different time 
intervals depending on the scouring rate.  Observation 
time interval In the beginning, the depth was recorded in 
the range of 2 to 10 minutes, while after the scouring rate 
decreased the interval could be extended to 2 to 6 hours.  
The flow velocity, flow depth and discharge at the 
approach section were also measured to provide flow data 
related to the scour experiment.   
V. ANALYSIS OF EXPERIMENTAL RESULTS 
The application of (7) on the present experimental data 
of scour around abutment terminating at the floodplain of 
two-stage channel is presented in Figure 3.  The Ks value 
was taken as 1.0 for vertical-wall abutment.  Equation (7) 
is valid only for:  
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In Figure 3, the flow depth ratios, df/dm of the present 
tests ranges from 0.2 to 0.5. To test the applicability of 
(7), data with relatively high df/dm = 0.5 and 0.6 from [15] 
and [16] were also used.  The experimental works in [15] 
and [16] were done at the school of CEE, NTU, 
Singapore. Figure 3 shows certain agreement between the 
predicted scour depths to the measured ones even though 
(7) is formulated for rectangular channels. The one data 
point for experiment 20-50-02 which is marked with a 
circle in Figure 3 was conducted with very low flow and 
low flow depth ratio, and it is possible that the viscosity 
effect is more dominant in this case. Hence the model, 
which is based on the flow inertia, could not deliver 
reasonable result.  This data will not be used in subsequent 
analysis.  Further examination of Figure 3 shows the data 
may be grouped into three clusters, marked I for df/dm = 
0.2, II for df/dm = 0.3 and III for df/dm = 0.4.  At flow 
depth ratio of 0.2, equation (7) over-predicts the 
equilibrium scour depth, while for the flow depth ratio of 
0.4, it tends to under-predict.  The second cluster, df/dm = 
0.3, shows better agreement between the predicted and the 
measured equilibrium scour depth. 
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Figure 3.  The plot of computed df/dm using (7) compared to the 
measured data. 
As discussed earlier, it is agreed that the two-stage 
geometry would affect the scouring process, and hence (7) 
needs to be modified in order to accommodate the 
geometrical effect of the channel. The degree of 
interaction between floodplain and main channel flow is 
closely related to the interface between them [14], and the 
floodplain and main channel depths are important 
parameters affecting the flow interaction.  This suggests 
that the approach mean floodplain flow velocity in (7) 
should be modified to account for the effect of floodplain-
main channel flow interaction.  Therefore, an adjustment 
factor, α, is introduced into (7), as follows 
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To determine α, a least square analysis was done for 
every cluster of data in Figure 3 such that the sum of 
square error in each cluster is minimized. It was found that 
the adjustment factor is mainly a function of the flow 
depth ratio df/dm as follows (see Figure 4), 
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Equation (9) used data with df/dm between the ranges of 
0.2 to 0.6, corresponding to the range of α from 0.88 to 
1.30.  Substitution of this relationship into (8) gives 
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For vertical-wall abutment, Ks = 1, and (10) becomes  
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The application of (11) to the present data is shown in 
Figure 5 and good agreement between the measured and 
the predicted equilibrium scour depth is obtained. The 
data in Figure 5 are for scour holes that did not encroach 
to the bank of the main channel.  
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Figure 4.  Adjustment factor of approach flow velocity as the function 
of flow depth ratio. 
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Figure 5.  The plot of calculated df/dm against measured df/dm of 
present data. 
The proposed formula is then applied to three published 
data with abutments terminating on a floodplain.  Data in 
[1], [3] and [4] were used to assess the generality of the 
formulation.  In terms of testing time, the data in [4] is 
superior to the others in terms of test duration as their tests 
were conducted up to the equilibrium scour stage.  In [1], 
the test duration was between 10 to 12 hours.  In [4], the 
data were extrapolated to the equilibrium stage, as 
discussed in Section II. The comparisons of the measured 
and computed scour depth for these datasets are presented 
in Figures 6 to 9. 
The data in [1] may be re-analyzed based on the 
experience from the present study. For 10 and 12 hours 
scouring duration, we observed that the average scour 
depth for our data is about 68% and 70% that of the 
equilibrium scour depth, respectively (see Table 1).  If we 
used the average 69% for the data in [1] and adjusted 
upwards to the equilibrium value, Figure (7) shows that 
the agreement between the data of [1] and equation (10) 
Excluded from analysis 
improves to within the ±30% lines compared to Figure 6 
where the scour depth data in [1] is used without 
extrapolation.  
TABLE I.  MEASURED SCOUR DEPTHS AT 5, 10 AND 12 HOURS, AS 
A PERCENTAGE OF EQUILIBRIUM SCOUR DEPTH BASED ON PRESENT 
DATA.  
Expts. % depth 
  5 hrs 10 hrs 12 hrs 
20-50-02 n.a. n.a. n.a. 
20-60-02 95 95 96 
20-70-02 94 97 97 
20-50-03 50 58 61 
20-60-03 49 56 58 
20-70-03 71 76 78 
20-50-04 n.a. n.a. n.a. 
20-60-04 47 57 60 
20-70-04 44 46 47 
20-80-04 68 77 79 
20-100-05 41 48 50 
35-50-02 49 51 54 
35-60-02 87 94 95 
35-50-03 51 63 65 
35-60-03 54 60 62 
35-50-04 47 55 59 
35-60-04 52 62 64 
50-50-02 65 78 80 
50-60-02 75 85 88 
50-50-03 67 72 74 
50-50-04 45 57 61 
average 61 68 70 
min 41 46 47 
max 95 97 97 
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Figure 6.  Comparison between scour depth of data in [1] with 
computed equilibrium scour depth. 
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Figure 7.  Comparison between extrapolated equilibrium scour depth of 
data in [1] with computed equilibrium scour depth. 
In reference [3], the Uf/Uc for all the tests were close to 
the threshold condition.  Comparison between the 
extrapolated equilibrium scour depth and the computed 
equilibrium scour depth for d50 = 0.5 mm and 0.7 mm are 
presented in Figures 8 and 9, respectively.  The 
assumption on the extrapolation that the scour depth at 5 
hours duration is about 60 to 65 of the equilibrium is 
acceptable (see Table 1).  The effect of the abutment 
shape has been included in the computed equilibrium 
scour depth.  Figure 9 shows a better predicted result 
compared to Figure 8.  The discrepancy between the 
computed and extrapolated equilibrium scour depth, 
especially in Figure 8, may be due to unnoticeable 
sediment transport into the scour hole.  This argument is 
based on the magnitude of approach velocities which are 
close to and some of them are slightly higher than the 
critical value of sediment motion.  Another possible 
reason is due to the size of the sediment.  The sediment 
with d50 = 0.5 mm can be grouped into the ripple forming 
sediment.  Hence if there is ripple formation, the 
transported sand may have reached the scour hole and 
reduce the equilibrium scour depth.   
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Figure 8.  Measured and computed equilibrium scour depth of 
Kouchakzadeh and Townsend’s (1997) data, for d50 = 0.5 mm. 
(VW=vertical wall, WW=wing-wall, SC=semi-circular, ST= spill-
through) 
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Figure 9.  Measured and computed equilibrium scour depth of 
Kouchakzadeh and Townsend’s (1997) data, for d50 = 0.7 mm. 
The plot of measured and computed data from [4] is 
shown in Figure 10.  The data used here are those with 
abutment lengths of 0.147, 0.270, 0.400 and 0.530 m, 
where the scour hole does not encroached into the main 
channel.  Reference [4] showed that the Uf/Uc values in 
their experiments are close to the critical value of 
sediment motion.  However, the computed values of Uc 
based on logarithmic velocity distribution and Shields 
criterion on critical condition of sediment motion gave 
lower value of Uf/Uc.  The white circle data points in 
Figure 10 are based on Uf/Uc provided in [4].  The 
computed equilibrium scour depths (black circles in 
Figure 10) using Uc obtained from computed Uf/Uc show 
reasonably good agreement to the measured ones. 
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Figure 10.  Comparison between extrapolated equilibrium scour depth of 
Cardoso and Bettess’s (1999) data with computed equilibrium scour 
depth. 
VI. CONCLUSIONS 
Based on a semi-empirical formulation on scour around 
abutment in rectangular channel [12], a formulation for 
scour around abutment placed in two-stage channels is 
proposed.  An adjustment for velocity in the floodplain is 
proposed to accommodate the effect of flow interaction 
between the floodplain and main channel.  The adjustment 
factor was defined as the function of the ratio of 
floodplain flow depth to the main channel depth.  The 
adjustment factor for the floodplain velocity was obtained 
from the experiments done by the author.  The application 
of the proposed formula to the published data of [1], [3] 
and [4] shows a good agreement.  Of those three published 
data, only data in [4] that had done until equilibrium scour 
depth is achieved.  Despite the limited data used to verify 
the formulation, the formula shows that two-stage 
geometry affects the scouring process around abutment 
terminating on floodplain.  The formula includes flow and 
two-stage channel characteristics to predict equilibrium 
scour depth. 
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